Abstract: Chickpea (Cicer arietinum L.) production in the Northern Great Plains is limited by very few broadleaf weed control options. Field experiments were conducted at two locations in 2012 and at three locations in 2013 in Saskatchewan, Canada, to examine the performance of the conventional and the imidazolinone (IMI) resistant chickpea cultivars to post-emergence application of imazamox or imazethapyr applied alone or in tank-mix. Treatments included imazamox (20 and 40 g a.i. ha ). Conventional cultivars, CDC Luna and CDC Corinne, showed moderate to severe injury compared with resistant cultivars, CDC Alma and CDC Cory, which showed minimal to no injury. Plant height was arrested and node development slowed for conventional cultivars treated with IMI herbicides. This susceptibility to IMI herbicides was also noted with a delay in flowering and maturity. Despite a significant negative response, CDC Luna and CDC Corinne were able to recover throughout the growing season resulting in no yield loss from IMI treatments at all locations, except one. Resistant cultivars, CDC Alma and CDC Cory, demonstrated no significant injury from IMI herbicide compared with the untreated controls. These results show the potential to use IMI herbicides in the resistant chickpea cultivars, expanding the currently limited options for broadleaf weed control in chickpea cultivation.
Introduction
Chickpea (Cicer arietinum L.) is an important food legume grown worldwide. Canada is one of the world's chickpea producers with 90% of Canadian production occurring in Saskatchewan (McVicar et al. 2007 ). Production of chickpea on the Canadian Prairies is hindered by many factors including ascochyta blight disease, a short growing season, and limited options for weed management.
While improved disease resistant and early maturing cultivars have been developed (Gan et al. 2009 ), weed control remains problematic.
Chickpea is a weak competitor and is generally less tolerant to weed pressure (Solh and Pala 1990) . Yields of chickpea are severely affected by even low weed incidence (Whish et al. 2002) . Without weed control, yield loss of higher than 80% has been reported (Al-Thahabi et al. 1994 ). An integrated weed management system is desirable for stable chickpea production (McVicar et al. 2007 ). However, due to zero tillage practices in Saskatchewan, there is significant dependence on herbicides for weed control, of which only a few options exist for use in chickpea. While chemicals are currently available for grassy weed control, broadleaf weed control poses a major problem in chickpea. Only limited herbicides are registered for broadleaf weed control in chickpea including sulfentrazone, saflufenacil, and metribuzin, of which metribuzin is the only chemical that can be applied postemergence until the three-node stage (Saskatchewan Ministry of Agriculture 2013). Therefore, increasing the herbicide options available to growers is required for stable chickpea production.
Group two herbicides, including imidazolinones (IMIs), act through the inhibition of acetolactate synthase (ALS), which interrupts the synthesis of branched amino acids (Shaner et al. 1984) . IMI herbicides have been widely used for weed control because of their desirable characteristics including low mammalian toxicity, noncorrosive and nonflammable, noncontaminate of ground water, broad spectrum of weed control, effective at a low dose and low soil persistence (Hanson et al. 2007 ; Saskatchewan Ministry of Agriculture 2013). Although more weed species become resistant to ALS-inhibiting herbicides than any other herbicide (Tranel and Wright 2002; Heap 2014) , they remain important for integrated weed management systems for the reasons listed above. Other disadvantage of Group 2 herbicides includes the possibility for soil residual activity that may reduce the productivity of the succeeding crop. Some environmental conditions that slow IMI herbicide degradation include drought, prolonged cool weather, acidic (pH of <6.5) soil, high rates or multiple treatments with Group 2 herbicides (Geisel et al. 2008) .
Despite the high susceptibility to injury of chickpea, IMIs have been effective for use on other pulse crops such as soybean, field pea (Pisum sativum L.), and dry bean (Phaseolus vulgaris L.) (Hanson and Thill 2001; Shaner and Hornford 2005) . Lentil (Lens culinaris L.) cultivars tolerant to IMI herbicides have been developed at the University of Saskatchewan (Chant 2004; Saskatchewan Ministry of Agriculture 2008) . Imazethapyr and imazamox are registered for application on IMI-tolerant lentil for up to the six-node stage (Fedoruk and Shirtliffe 2011) . The usefulness of IMIs in other pulses has created interest in developing IMI resistant chickpea. Taran et al. (2010) identified four chickpea accessions with good plant appearance and minor chlorosis at 21 days after application of 35% imazamox + 35% imazethapyr at a rate of 30 g a.i. ha −1 . With further crossing and selection, imidazolinone resistant chickpea cultivars such as CDC Alma and CDC Cory adapted to Western Canadian environments have been developed. However, detailed information on their response to imidazolinone application under field conditions is currently lacking. The use of these cultivars will broaden herbicide options for improved weed management in chickpea. The objective of this research was to evaluate the response of the IMI-resistant chickpea cultivars compared with the conventional cultivars to post-emergence application of imazamox and imazethapyr applied alone or in tankmixture under field conditions.
Materials and Methods

Experimental procedures
Field research was conducted over 5 site-years with three locations in Saskatchewan; Saskatoon (52°09′N, 106°32′W) and Elrose (51°17′N, 107°58′W) in 2012 and 2013 and Moose Jaw (50°11′N, 106°00′W) in 2013. All the sites were under rain-fed conditions. The Saskatoon site was represented by Dark Brown Chernozemic soil with clay loam texture, 3.5-4.5% organic matter, and soil pH between 6.1 and 6.7. Elrose and Moose Jaw sites had Brown Chernozemic soil with sandy loam texture, 2.5-3.5% organic matter, and soil pH of 7.5. Trials were planted on wheat stubble at all site-years except Saskatoon in 2012, which was planted on chemical fallow. Weather data are presented in Table 1 .
Experiments were set up as a split plot in a randomized complete block design with four replications per treatment. The herbicide treatments were the main plots and chickpea cultivars comprised the subplots. Four cultivars were examined in this study; two conventional lines [CDC Luna (kabuli) and CDC Corinne (desi)] and two resistant near-isogenic lines [CDC Alma (kabuli; isogenic of CDC Luna) and CDC Cory (desi; isogenic of CDC Corinne)].
To prevent seed-borne fungal diseases, seeds were pretreated with mefenoxam + fludioxonil at a rate of 3.25 mL 1000 g −1
. A glyphosate burn-off was applied pre-emergence at 900 g a.i ha −1 at all site-years. Herbicides were combined with the appropriate adjuvant (3.75 mL of Agral® 90 for use with imazethapyr and 7.5 mL of Merge® for use with imazamox and the combination imazamox + imazethapyr) and mixed into 1.5 L of water. Treatments were applied at a rate of 100 L ha −1 with pressure of 40 PSI using airmix 019, flat fan, Teejet 100-1 nozzles. The chemical was applied 30 cm above the plant canopy using either a small plot tractor sprayer or a hand-held wand.
Data collection
Visual injury ratings were conducted at 7-day intervals, up until 28 days after application (DAA), based on a 0-100% scale. A rating of 0% signified no plant damage and 100% signified plant death across the entire plot. Injury rating >10% was classified as unacceptable damage. Scoring was based on the severity of plant stunting, chlorosis, and other morphological changes such as increased lateral branching and narrowing leaves. Six randomly selected plants per plot were tagged at 7 DAA for repeated measures of plant height and number of nodes. Days to flowering (DTF) and days to maturity (DTM) were recorded when 80% of the plot had visually reached flowering and maturity, respectively. Plants were considered mature when more than 80% of the pods have turned their colour to yellow or leathery brown. At maturity, tagged plants were hand-pulled for final measurements including height and node, as well as number of primary branches, number of seeds per plant, and dry weight. Plots were harvested using a small plot combine and seed in the mesh bags were dried to approximately 12% moisture content. Yield and 1000 seed weight was calculated from entire harvested plots. Moose Jaw 2013 was a supplemental site for additional yield data; therefore, measurements for this site-year were restricted to visual injury, DTF, DTM, and yield.
Statistical analysis
Data were analyzed using SAS version 9.3 (SAS Institute, 2002-2010 Cary, NC, USA). Homogeneity of variance across site-years was tested for each measurement using Levene's test in a general linear model procedure (PROC GLM). Analysis of variance (ANOVA) of DTF, DTM, final height, node, yield, and seed characteristics was done using PROC MIXED in a split-plot model with herbicide as the main plot and cultivar as the split plot. Replication was considered to be random effect, while location, herbicide, and cultivar were considered to be fixed effects. Location as a fixed effect was based on the sizable environmental differences between sites. Response of cultivars could be determined across environments and similar trends identified. Means were separated using Least Significant Difference (LSD) at P < 0.05. Repeatedmeasures ANOVA using mixed model procedure was performed for injury rating, height, and nodes. All figures were created using Microsoft Excel program.
Results
Statistical analyses demonstrated homogeneous variance across site-years for visual injury and branching allowing combined analysis. Although variance was heterogeneous for repeated height and node measurements, similar trends across site-years united discussion of results. In most other measurements such as final height, final node, DTF, DTM, and yield, locational differences were apparent but had minimal variation between 2012 and 2013 within sites.
Crop injury
Visual injury ratings demonstrated significant interactions of herbicide and cultivar (P < 0.0001). CDC Luna and CDC Corinne had high injury rating from all herbicide treatments (Fig. 1) . Injury ratings at 14 and 21 DAA signified the most severe damage on these two cultivars, while severity of injury began to decrease at 28 DAA. Imazethapyr treatment at 1Â resulted in injury rating ranging from 25% at 14 DAA to 49% at 21 DAA for both CDC Luna and CDC Corinne. At 2Â imazethapyr treatment, the injury rating varied from 26% at 14 DAA to 55% at 21 DAA for CDC Luna, and 29% at 14 DAA to 57% at 21 DAA for CDC Corinne. Imazamox and the combination of imazamox + imazethapyr treatments at 2Â rate generated the most severe injury for both conventional cultivars with major chlorosis and necrosis of leaf tissues. In contrast, CDC Alma and CDC Cory had minimal to no visual injury across all treatments from 7 to 28 DAA (Fig. 1) .
Effects on agronomic and morphological characteristics
Plant height measurements taken at 7 DAA intervals revealed similar growth patterns across all site-years. Mean plant height for each cultivar across all site-years is presented in Fig. 2 . The height of conventional cultivars CDC Luna and CDC Corinne was negatively affected by all herbicide treatments (Fig. 2) . The height of both conventional cultivars was arrested at 7 and 14 DAA for all IMI treatments. At 21 DAA, height began to increase again. Imazamox and the combination imazamox + imazethapyr at the 2Â rate were the most injurious treatments. In contrast, there was no significant height effect from the respective nontreated controls for either CDC Alma or CDC Cory for any of the IMI treatments. Final plant height measured at maturity showed Fig. 1 . Visual injury scores from combined all site-years for cultivars CDC Luna (A), CDC Corinne (B), CDC Alma (C), and CDC Cory (D) over 7-day intervals after application. Visual injury was based on the whole plot using a 0-100% scale. There was a significant interaction of herbicide and cultivar (P < 0.0001). differences only among cultivars (Table 2) . Desi cultivars were taller than kabuli cultivars at Elrose and conventional cultivars CDC Luna and CDC Corinne were shorter than resistant cultivars at Saskatoon (Table 3) . Similar for all site-years, all nontreated control treatments showed a steady increase in the average number of nodes over time. Mean node numbers for each cultivar across all site-years are presented in Fig. 3 . Herbicide treatments applied on CDC Luna and CDC Corinne decreased the rate at which new nodes developed. Imazamox and the combination imazamox + imazethapyr at the 2Â rate stopped further node development up until 21 DAA. Imazethapyr at the 1Â and 2Â rate was most tolerated; however, it still significantly decreased the rate of node development (6 and 12 nodes at 7 and 28 DAA, respectively, for both CDC Luna and CDC Corinne) compared with the nontreated control treatment (6 and 17 nodes at 7 and 28 DAA, respectively). The rate of node development for resistant cultivars CDC Alma and CDC Cory was not affected for any of the IMI treatments.
In Saskatoon, herbicide and cultivar were statistically significant at the P < 0.01 level (Table 2) . Final node number remained unaltered for CDC Alma and CDC Cory for all herbicide treatments. CDC Luna and CDC Corinne experienced decreased node number for all herbicide treatments compared with the respective nontreated controls. Similar to Saskatoon, the number of nodes were fewer on CDC Luna and CDC Corinne for all herbicide treatments at Elrose in 2012 and 2013 (Table 3) . Although the number of nodes were fairly constant for CDC Alma and CDC Cory, imazamox at the 1Â rate caused a slight increase in nodes on CDC Cory.
The number of primary branches at maturity followed a similar trend for both locations and years; therefore, data were combined over years and locations. In testing multiple IMI herbicides, the only significant factor influencing branching was cultivar (Table 2) . CDC Luna and CDC Corinne had slightly more primary branches than CDC Alma and CDC Cory (Table 3) . Data collection of lateral branching could be altered to include secondary and tertiary branching which may present stronger results.
DTF and DTM
Days to flowering (DTF) were significantly affected by herbicide treatment, cultivar, and their interaction at Elrose and Saskatoon in 2012 and 2013. CDC Luna and CDC Corinne experienced a delay in DTF with all herbicide treatments compared with the nontreated controls (Table 4) . Imazamox treatments caused the most severe delay in DTF on these two cultivars, followed by the combination of imazamox and imazethapyr. At Elrose in 2012 and 2013, CDC Luna and CDC Corinne treated with 2Â imazamox flowered, on average, 20.5 and 18.9 days later than their varietal nontreated control. In contrast, CDC Alma and CDC Cory did not differ in DTF from any herbicide treatments compared with the nontreated control. At Moose Jaw location in 2013, significant differences only showed between cultivars for DTF. Conventional cultivars, CDC Luna and CDC Corinne, flowered later than resistant cultivars, CDC Alma and CDC Cory across all herbicide treatments.
The experiment at Saskatoon in 2012 failed to reach maturity due to snow fall (0.8 mm) on 1 September; therefore, days to maturity (DTM) for this site-year were excluded from further analysis. Significant effect of the interaction of herbicide and cultivar was obtained at Elrose in 2012 and 2013 and at Moose Jaw in 2013. Although there were minor fluctuations in the DTM for all cultivars, statistically CDC Luna, CDC Alma, and CDC Cory did not change significantly after the herbicide treatments (Table 4) . Imazamox on CDC Corinne, however, caused a prominent delay in maturity. In Saskatoon 2013, DTM were only affected by cultivars. Desi cultivars, CDC Cory and CDC Corinne, tended to mature earlier than the kabuli cultivars.
Harvest measurements
Locational differences existed for final above ground dry weight measurement with Saskatoon having higher dry weights than Elrose. At both Saskatoon and Elrose, dry weight at maturity varied depending on cultivar but (Table 2) . Saskatoon plots in 2012 were significantly affected by herbicide, cultivar and the interaction. The two kabuli cultivars, CDC Luna and CDC Alma, had lower values than desi cultivars. Compared with the nontreated control, CDC Corinne experienced a decrease in the number of seeds across all herbicide applications but saw the most dramatic reductions with the 2Â rate of imazamox. Compared with the nontreated control, seeds per plant in this cultivar decreased by 78 seeds with 2Â rate of imazamox (Table 5 ). All other site-years were not significantly affected by herbicide treatment.
In all site-years, 1000 seed weights were not affected by IMI herbicide treatments but only by cultivar. CDC Alma had the highest seed weight at 341 g 1000 seeds −1 followed by CDC Luna (329 g 1000 seeds across Saskatoon, Elrose, and Moose Jaw in 2013. Similar trend for seed weight also occurred across locations in 2012 (Table 6 ).
Effect on grain yield
Due to snowfall before harvest at Saskatoon plots in 2012, the plants were not harvested resulting in no yield data from Saskatoon 2012. For the rest of the site-years, except for Elrose 2013, yield was not affected by herbicide treatment but only cultivar differences were observed (P < 0.0001). CDC Cory was the highest yielding cultivar at Saskatoon in 2013 (4368 kg ha (Table 7) . Herbicide treatment affected cultivar yields in Elrose 2013. Yield reduction was observed for conventional cultivars, CDC Luna and CDC Corinne for 2Â treatments of imazethapyr, imazamox, and the tank-mixture of imazethapyr and imazamox compared with the nontreated control. On the other hand, CDC Alma and CDC Cory experienced an increase in yield for all treatments except for the combination of imazethapyr and imazamox at 2Â rate. CDC Cory yield increased from 3026 kg ha −1 in the nontreated control treatment to as high as 3979 kg ha −1 with the 2Â imazamox treatment (Table 8) .
Discussion
Identification of chickpea cultivars with resistance to IMI herbicides would expand the currently limited broadleaf weed control options. This study demonstrated the improved performance of the two new IMI resistance cultivars in response to the post-emergence IMI herbicides compared with the conventional cultivars. The adverse response of the conventional cultivars, CDC Fig. 3 . Node developmental from combined all site-years for cultivars CDC Luna (A), CDC Corinne (B), CDC Alma (C), and CDC Cory (D) over 7-day intervals after application. Nodes were significantly affected by the interaction of herbicide and cultivar (P < 0.0001).
Nodes -CDC Cory
Nodes -CDC Corinne Nodes -CDC Alma Luna and CDC Corinne, to IMI herbicides was apparent from the physiological changes after IMI application. The symptoms of chlorotic and necrotic tissues observed in the visual injury ratings, as well as the stunted growth of CDC Luna and CDC Corinne, clearly demonstrate the consequences of mechanisms of ALS inhibiting herbicides. The delay in days to flowering and maturity of the conventional cultivars combined with Saskatchewan's short growing season is highly problematic for this indeterminate crop. The delay in flowering and maturity creates higher risk for low quality and reduced yields. Days to flowering were delayed, in extreme cases, by up to 20 days with imazamox at 40 g a.i. ha −1 . While not as significant, maturity was also delayed under IMI herbicide treatments across most site-years. In Saskatoon 2012, treated plots did not mature before the end of season, causing a complete loss in yield. This site-year particularly demonstrates the unacceptability of IMI applications on conventional cultivars. Favourable environmental conditions at all other site-years allowed for the conventional cultivars to mature despite required additional growing days. With IMI herbicide causing delays in DTF and DTM, production risks are elevated on an already vulnerable crop. Despite initial injury after IMI applications, recovery of the conventional cultivars CDC Luna and CDC Corinne was apparent. While vertical growth was initially arrested after IMI treatments, significant increases in height were recorded again at 28 DAA. Recovery throughout the season resulted in no yield loss of the conventional cultivars. The recovery mechanism of the conventional chickpea cultivars to overcome IMI herbicide injury is currently not well understood. It can be hypothesized that over time the herbicide is metabolized, allowing the ALS enzyme to regain its activity as it has been reported in wheat (Hanson et al. 2007 ). The naturally imidazolinone resistant soybean provides evidence for rapid metabolic detoxification of IMI herbicide (Tecle et al. 1993) . The herbicide selectivity is based on the plants' ability and rate of metabolism. Conventional chickpea may be able to metabolize IMIs at an extremely low rate, accounting for initial severe injury after application, succeeded by slow recovery. Increasing the dose of IMI herbicide would eliminate the opportunity for recovery of conventional chickpea cultivars.
Environmental conditions throughout the season greatly influenced the recovery of the conventional cultivars. Conditions tend to be highly variable between years and locations. In Elrose 2013, yield reductions on the conventional cultivars were observed from 2Â rates of Field research demonstrated minimal to no visual injury and no changes in physiological response from any herbicide treatment on the resistant cultivars CDC Alma and CDC Cory, which are the near-isogenic of CDC Luna and CDC Corinne, respectively. These near-isogenic lines differ at the ALS gene only (Jefferies 2014) . Concurrent research had located the point mutation on the ALS gene at base pair 675 leading to the amino acid substitution of 205 alanine to 205 valine (Thompson and Tar'an 2014) . Substitutions cause a conformational change in the ALS enzyme, altering the herbicide-binding site (Tranel and Wright 2002) . Catalytic function of ALS is maintained with several substitutions in the conserved amino acids, suggesting a separate herbicide-binding site from the active site. Imidazolinones are not able to bind to the enzyme; therefore, the ALS enzyme continues to function normally. This mode of IMI resistance in CDC Alma and CDC Cory corresponds to the lack of response from IMI herbicide treatment observed in the field. Visual injury was not apparent and growth factors were unaffected in the presence of IMI herbicide due to continued enzymatic activity. Regardless of the lack of response of the resistant cultivars to IMI herbicides for most measurements, yield in Elrose 2013 was positively affected. Both the 1Â and 2Â rates of each IMI herbicide caused a slight increase in yields compared with nontreated controls.
Unintentional damage from vigorous hand weeding at the control plots of IMI resistant cultivars may contribute to less yielding than the IMI treated plots. Nontreated control plots did not receive herbicide application; therefore, weed density, before manual removal, would be higher than herbicide treated plots. Entry into nontreated control plots was more frequent and robust weeding may have caused minor damage. The absence of intensive hand-weeding in IMI-treated plots might have caused higher yield compared with nontreated controls.
The long-term utilization of IMI-resistant chickpea will depend on the responsible use of this technology. The use of IMI-resistant chickpea cultivars will require growers to intensify weed resistance management strategies so that it will not contribute to an already significant problem of weed resistance to the IMI herbicides (Heap 2014) . Strategies such as rotating herbicides with different modes of action, avoiding continuous rotation with other crops that have IMI resistance trait, controlling weeds in fallow years with non-IMI herbicides, and planting certified seed to reduce the chance of resistant weed spread are strongly recommended to minimize the occurrence of IMI-resistant weed populations.
Conclusion
This research demonstrated that the conventional cultivars (CDC Luna and CDC Corinne) showed severe visual injury, stunting growth, delayed flowering and maturity under IMI herbicide treatment. Unfavourable conditions due to weather or disease can amplify the negative responses from herbicides on the conventional cultivars. In contrast, no adverse response was observed from any of the herbicide treatments on the IMI-resistant cultivars CDC Alma and CDC Cory. The results from this research are very promising for the future use of IMI herbicides on the resistant cultivars CDC Alma and CDC Cory. Broadleaf weed control options can expand to include IMIs on resistant cultivars. These advancements will greatly improve chickpea production.
